Because of the relative stable temperature in the past 1000 years, thermal diffusion is considered to be negligible in our ice core measurements. Gravitational fractionation is taken into acount in both cores based on δ 15 N measurements or modeling in firn.
There are no δ 15 N data from the D47 ice core. However, as the climatic conditions in D47
are very close to those of Berkner Island, both of which are coastal core sites, the δ 15 N trend observed in the firn layer at Berkner Island is adopted to correct δ 13 C and δ
18
O for D47 ice core measurements. δ 15 N at Berkner Island firn shows a 0.25‰ shift between the surface and the close-off depth (S2) . Consequently, the correction for D47 ice core δ were processed based on a recently developed analytical technique (S4) . The other 15 D47 ice samples were extracted in LGGE. All were processed using a wet extraction technique derived from (S5) . Ice samples were melted in a glass container (sealed with a
Viton O-ring) under vacuum and the continuously released gas was transferred straight through water vapor traps and trapped downstream into a 14 ml electropolished stainless steel trap kept at temperature below -260°C. Once warmed, the air samples were expanded from the the trap into pre-evacuated 150 mL glass flasks wrapped with aluminum foil. These air samples were then transported and analyzed at Stony Brook University (S4). The ice core measurements after corrected by gravitational fractionation are shown in Table S1 and S2. In both tables, uncertainty of gas age is half of the age width of the core, and uncertainties of [CO], δ 13 C, and δ 18 O are ±1σ standard deviations.
[CO]_blank in Table S1 and S2 refers to the blank signal corrected for South Pole ice core sample signal and D47 ice core sample (except for samples with depth of 81 m, 86 m, 95 m, 109 m, and 111 m), respectively (S4). The δ 13 C and δ 18 O of the blank runs corrected for D47 ice core samples is -13.4±0.3‰ and 34.8±0.5‰, respectively. D47 sample processing time is also considered into the blank correction since blank is time dependent (S4) . Larger blanks for South Pole ice core samples are ascribed to longer ice processing time (S4) .
Dating the ice cores
The D47 ice core has been dated using different volcanic horizons revealed by the Electrical Conductivity Measurement (ECM) records, since no continuous record of seasonal variation has been obtained. An ice age-gas age difference of 162-214 years is applied for gas age calculation (S1). Dating the South Pole ice core is based on the Tambora volcanic horizon revealed by the ECM record and an ice age-gas age difference of 950 years is applied for gas age calculation (S6-S8) . The mean gas ages in this study are linearly interpolated based on the gas age-depth relationship of D47 and South Pole ice core in previous studies (S1, S6-S9) . The age uncertainties shown in Table S1 and S2
refer to half of the age width of the core (S1, S6-S9). source inventory is taken from following data bases: fossil fuel and biofuel -monthly inversion result of (S11), biomass burning -GFED-v2 (S12), biogenic and oceanic source -POET atmospheric gas inventory (S13), methane oxidation -calculated on-line through the CH 4 + OH reaction, NMHC oxidation -subtracted CH 4 oxidation source from total hydrocarbon oxidation source obtained from the full chemistry version of MOZART-4.
MOZART-4 simulations for modern atmosphere
We used the 8-year mean (1997 ~ 2004) 
Isotope mass balance model
The isotope mass balance model used in this study includes the following equations (S14):
where A, B, C, D, and E stand for the three major CO sources in Southern Hemisphere in preindustrial times: biomass burning, methane oxidation, NMHC oxidation, and two minor sources : direct biogenic and marine emissions, respectively. "T" stands for total CO and represents our ice core observation. Biofuel emission is assumed to have the same isotopic signatures as biomass burning and thus classified as biomass burning in preindustrial times. Steady state conditions within the ice are assumed.
We only use δ 18 O data in the isotope mass balance model since δ 13 C signatures have much large uncertainties, though we do not know exactly how large they are. First, there are large uncertainties in δ 13 C signature for biomass burning, which is dependent on the burned C3/C4 plants ratio and this ratio has been confirmed to vary temporally (S15).
Second, δ
13
C signature from NMHC oxidation is even more complicated due to different compound (S16) and different KIE in the NMHC +OH reaction and may bring huge uncertainty (S17-S19). Table S2 . 
